Anodizing offers a promising solution to improve the corrosion resistance of Ti and Ti alloys; however, the development of dense and thick anodic oxidation films remains an important scientific problem. Herein, we report a novel and facile strategy for the growth of an anodic oxidation film of the Ti13Nb13Zr alloy driven by residual stress. Under residual stress conditions, the gradient defect film on the Ti13Nb13Zr alloy surface is prepared. The change is coupled to an increase in surface defects and the surface Gibbs free energy, providing structural disorder and boosting the intrinsic activity of the Ti13Nb13Zr alloy surface, which strongly enhances the compactness, thickness and corrosion resistance of the Ti13Nb13Zr surface anodic oxide film. The thickness of the oxide layer increases up to 47.1% under the best residual stress condition. Furthermore, the donor density reduces by 500%, the self-corrosion potential increases by 30.4% and the self-corrosion current density decreases by 64.2%.
INTRODUCTION
The Ti13Nb13Zr alloy is widely used in biological materials due to its low elastic modulus, high strength, good corrosion resistance and biocompatibility [1, 2] . Previous studies have shown that the corrosion resistance of the Ti13Nb13Zr alloy heavily relies on a TiO2 natural protective film; however, this film shows poor uniformity and densification [3, 4] . In particular, in human body fluids, the corrosion resistance of this film is significantly reduced [5, 6] . Therefore, the development of a dense and thick TiO2 protective film of the Ti13Nb13Zr alloy is desperately needed.
On the one hand, anodic oxidation technologies have drawn extensive attention because of their simplicity and compatibility [7, 8] . A range of anodic oxidation parameters, such as anodizing time, electrolyte, voltage and current, have proven to be effective for the film structure; however, anodizing is a two-way competitive process of dissolution and growth, and the thickness and density of the TiO2 film is difficult to control [9, 10] . On the other hand, our group has found that a large amount of residual stress and surface defects is produced on the Ti alloy surface during the shot peening process. Under the action of residual stress, the corrosion resistance of the Ti13Nb13Zr alloy has been improved to a certain extent, but its overall performance is still unsatisfactory. Actually, our Yu model [11, 12] indicates that the growth of the oxide film is related to the diffusion of oxygen atoms and the vacancy concentration [13, 14] . Therefore, by integrating the anodic oxidation and shot peening technologies, the oxidation film structure can be effectively driven by residual stress.
Herein, we report a novel and facile strategy for the growth of an anodic oxidation film of the Ti13Nb13Zr alloy driven by residual stress. The gradient defect film was produced by shot peening technology, and the growth behavior of the TiO2 film was controlled by anodic oxidation technology and our lattice defect model. Finally, the TiO2 film structure and corrosion resistance were investigated using a thermodynamic model and experiments.
MATERIALS AND METHODS

Surface shot peening
Ti13Nb13Zr alloy disks (Sumitomo Metal Industries, Ltd., with a diameter of 100 mm, a thickness of 5 mm and the chemical composition shown in Table 1 ) were used as the shot-peening substrates, which were polished by sandpaper and diamond paste. 
Anodic oxidation
All samples were carried out under the same and normal conditions. The details are as follows [16] .The samples represent the anode and a graphite plate (Changrui graphite, Ltd.) was the cathode.
The area ratio of the cathode plate to anode plate was 2:1 and the spacing between plates was 5 cm. The whole anodizing process was controlled via a DC power supply (IPD-20001SLU) and the electrolyte was a 0.5 mol/L H2SO4 solution. Before this experiment, high-purity nitrogen gas was introduced into the electrolyte. In addition, the anodic oxidation potential was 50 V, the oxidation time was 60 min and the oxidation temperature was 25℃.
Defect growth thermodynamics and dynamics mechanism
Two kinds of Ti13Nb13Zr electrodes were polished to a mirror surface by a 0.05-μm a-Al2O3 suspension, ultrasonically cleaned with absolute alcohol and distilled water in turn, and then dried with N2 with 0.2mol/L (pH =7.5) Ti(HPO4)2-H2O used as the electrolyte. [17] . It is important to note that this procedure was repeated at least five times for each sample.
Theoretical calculations of the defect-mediated diffusion mechanism were performed using a first principles pseudopotential method (Vienna Ab-initio Simulation Package) [18] and our Yu model [19, 20] .Considering the effect of defect concentration, the 3×3×3 supercells with no vacancies and one vacancy were prepared. In the Perdew-Burke-Ernzerhof scheme (PBE), the projected augmented wave approach (PAW) and the exchange-correlation term of generalized gradient approximation (GGA) were chosen [21] . The K-point sampling was performed using the Monkhorst-Pack method in the Brillouin zone [22] . In addition, the cutoff energy was calculated to be 500 eV, and the energy and force convergence accuracy were selected to be 10 -6 eV/cell and -0.01 eV/Å, respectively. The climbing image nudged elastic band (CI-NEB) method was used to search for transition states [23] .
Film structure analysis
The surface structures were observed via scanning electron microscopy (SEM, LEO 1530Vp) and the residual stress was analyzed by X-ray diffraction (XRD, Philips PW 1830/00) using Cu Kα radiation (0.15406 nm).The sputter depth, thickness of the film and valence state of the elements on the surface were investigated by X-ray photoelectron spectroscopy (XPS, PHI-5000), with aluminum as the source of the ray. The crystallinity of the samples was measured by Raman spectroscopy (Lab RAM Aramis).
An electrochemical corrosion test (CHI760 electrochemical workstation) was carried out in three neck flasks, a saturated calomel electrode was used as the reference electrode, samples were used as a working electrode and a platinum coil was used as an auxiliary electrode. The corrosion solution was 0.9%NaCl, the solution temperature was controlled at 37 ±0.5 °C and the polarization scanning rate was 0.01 V/ s.
RESULTS AND DISCUSSION
Film structure analysis
The X-ray diffraction patterns of the shot-peened and non-peened samples are displayed in Fig.  1a . As the figure shows, the half-widths of the diffraction peaks shot-peened samples were wider than that of the non-peened (compare No.1 and Nos.2-4). For (200) and (211), the diffraction peak broadening is particularly obvious. The grain size is inversely proportional to the half-width, indicating that the residual stress generated by shot-peening treatment can refine the grains [24, 25] . 10 In order to further study the residual stress, it is calculated through XRD. As evident from Fig.  1b , the value of the non-peened sample is 10.17 MPa which is significantly lower than that of the shotpeened sample (49.97, 65.31, 54.78 MPa). It can be seen that the surface residual stress of Ti13Nb13Zr increased significantly by the shot-peening treatment, the maximum of 5.9 times. Moreover, as the diameter of the shot-peening treatment decreases, the residual stress present a tendency to increase first and then decrease. This means the plastic deformation of the surface layer reaches its limit, micro cracks will appear on the surface of the material, the residual stress reaches a certain amount of relaxation and its value was decreased. During the shot-peening process, the high-speed impact of the steel ball causes a strong plastic deformation on the surface of the samples, resulting in a significant increase in residual stress, as a result, the grain is refined and more vacancy defects are formed [26, 27] .
The SEM morphologies of the anodic oxide film are shown in Figs. 1c and d, with all the samples consisting of anatase TiO2 and exhibiting a white film. The thickness of the oxide film on the non-peened and shot-peened samples is measured to be ~60 and 270 nm, respectively (see Figs. 2(a) and (b)). Moreover, the oxidation film with higher residual stress has better crystallization performance. This mean that the thickness of the oxide film is controlled by residual stress. In addition, we can see that the shot-peened surface was characterized by the formation of small homogeneous nano-grains, which contain a large number of vacancies. However, the surface of the non-peened sample consists of micro-convex columnar crystals.
Defect thermodynamics and dynamics
In order to investigate the relationship between residual stress and surface free energy, the electromotive force was measured on the two electrodes. The shot-peened Ti13Nb13Zr electrode is used as the negative electrode of the battery, the Ti13Nb13Zr bulk electrode as the positive electrode. Based on this, the electrochemical reaction method is used to determine the thermodynamic function of shot-peened Ti13Nb13Zr, the electrode reaction equation is as follows:
Anode:
(2) Cell reaction:
(3) Based on the net reaction of the battery, combined with the relationship of the cell's electromotive force, temperature coefficient and reaction thermodynamic function, the following relational equation can be obtained:
Where z is the electronic measurement coefficient of the electrode reaction, F the Faraday constant, the standard electromotive force of the battery. Previous studies [28] have shown that , at T=298.15 K. The Gibbs free energy of on the shotpeened Ti13Nb13Zr surface at 298.15 K can be obtained from Eq. (4). The electromotive force E of the primary battery composed of shot-peened Ti13Nb13Zr and bulk Ti13Nb13Zr electrodes was measured at different temperatures. The corresponding average electromotive forces are listed in Table 2 410 times than that of the non-peened samples, respectively. Gibbs free energy is fitted to the residual stress, so that the curve can be obtained.
The Eq. (5) is further optimized to the exponential function:
It can be seen from the Eq. (6) that the Gibbs free energy of the shot-peened sample can be improved. Simultaneously, the Gibbs free energy of increases first and then decreases, which is similar to the change law of surface residual compressive stress. The obtained fitting equation shows that the Gibbs free energy on the surface of Ti13Nb13Zr is exponentially related to the surface residual compressive stress.
To further study the effect of vacancies generated by residual stress on the diffusion of O atoms on the surface of Ti, the CI-NEB method was used to search the transition state and to obtain the diffusion rate in the no and one vacancy structures. The potential barrier to be determined to study the effect of increased vacancy concentration on the diffusion of O atoms is shown in Fig.3 .
As shown in Fig. 3a , the diffusion path of crystal structures with no vacancies is an octahedron to a tetrahedron, then to an octahedron, then to an tetrahedron and finally to an octahedron. As shown in Fig.3b , the diffusion path of crystal structures with one vacancy is a tetrahedron to an octahedron and then to a tetrahedron. The atom's transition distance of the one vacancy structure was longer than that of the no vacancy structure (from 4.025 to 18.629 Å).Its value increased by 3.63 times and the diffusion barrier decreased by 16% (from 2.586 to 2.171 eV). According to the Winter-Zener theory [29] 
The diffusion coefficients of the one vacancy structure were higher than that of the no vacancy structure (from 5.31×exp(-55) to 3.10×exp(-47)), its value increased by 1749 times. The greater ease with which O diffused in the one vacancy Ti confirmed the result concerning the diffusion barrier, which was found to be higher in the no vacancy structure.
Film structure characteristics
The XPS depth sputtering profiles of the anodic oxide film for the non-peened and shot-peened Ti13Nb13Zr are presented in Fig. 4 , we can see that the distribution of Ti2p and O1s along the oxide film layer, the Ti2p content decreases from 73% to 18%, and the O1s content increases from 23% to 78%. Moreover, comparing Fig. 4a with Fig. 4b , it can be inferred that the thickness of the oxide film on the shot-peened surface is 4.71 times larger than that of the non-peened sample (from ~58 to ~273 nm). This conclusion is consistent with the morphologies of the oxide film in the SEM. Consistent with previous studies [32, 33] , the thickness of the oxide film is ~50 to1000 nm. In summary, residual stress can promote the growth of the anodic oxide film on the surface of Ti13Nb13Zr. This could be caused by residual stress increasing the free energy of the Ti13Nb13Zr surface, which reduces the diffusion activation energy so that the diffusion of Ti and O ions is accelerated, the binding of Ti and O ion is promoted inside the matrix. This conclusion coincides with the vacancy model that is established in this study. The OM image and Raman spectrum of are depicted in Fig. 5 . For the OM image of the nonpeened sample (see Fig. 5a ), in the black region, the vibration peaks in four spectra occur at Raman shifts of 144, 405, 530 and 650 cm -1 . In the white region, there is only one vibration peak at 114 cm -1 . This indicates that the white region contains only anatase TiO2 with short range order. However, for the OM image of the shot-peened sample (see Fig. 5b ), whether in the black or in the white region, these vibration peaks occur at Raman shifts of 144, 399, 516 and 639 cm -1 . This means that anatase TiO2 with long range and short range order coexist in these two regions. Moreover, the boundary of the shot-peened samples between the black and white regions became somewhat blurred, which indicated that the shot-peening treatment played a positive role in the crystallization process. Compared with reference [34] , we obtain a similar conclusion that the crystallinity of the anodic oxide film on surface nano-crystallization is obviously higher than that of the non-peened sample.
Corrosion resistance
To investigate the corrosion behavior before and after shot-peening treatment, potentiodynamic polarization tests were carried out on Ti13Nb13Zr samples, in 0.9 wt.% NaCl solution (Fig. 6) .The curve is divided into a cathode and an anode region. On the cathodic branch, the main reaction is the hydrogen evolution reaction. On the anodic branch, the oxygen precipitation reaction (i.e., titanium oxidation) occurs. A wide passive region from −1.15 to −0.30 VSCE with current density ~ −1 μA cm −2 was observed after a short active dissolution for the shot-peened samples. In contrast, a narrow passive region existed for the untreated samples from −1.35 to −1.20 VSCE. Corrosion resistance behavior is exhibited in the region in which the samples are passive. The current increases for shot-peened samples at a potential up to −0.3 VSCE. In the E1 to E2 region, the current density remains unchanged. This is because a low conductivity passivation film is formed on the surface of theTi13Nb13Zr during the anodization process. When the potential rises to E2=1.5 VSCE, the current density of No.4 suddenly increases, and then the phenomenon of repassivation occurs, passivation film causes the electronic conductance to be delayed as it passes through the oxide film, eventually leading to a constant current. Oliveira et al. and Tavares et al. [35, 36] indicate that the passive film is breaking. However, the current range is set rapidly as per the repassivation of the metal. For the non-peened sample, it translated directly into the passive region from the Tafel region from −1.20 to 3 VSCE, and exhibited a typical self-passivation characterization. However, the nonpeened sample (shot-diameter of 6 mm) experiences several active passive transitions from −1.15 to 0.14 VSCE and then tends to passivation again. This indicates the formation of a passive film that is not sufficiently protective under immersion into the electrolyte, and in the active-passive region, the corrosion rate increased [37] . According to Geetha et al. [38] , the phenomenon of metal repassivation also plays an important role in the alloy's corrosion behavior. Titanium alloys show a faster repassivation phenomenon than stainless steel. This provides excellent corrosion resistance for shotpeened samples [39] [40] [41] .
The corrosion potential (Ecorr), corrosion current density (icorr), anodic and cathodic Tafel slopes (βa and βc) of the materials were determined by Tafel analysis of these branches of the polarization curves using EC-Lab software (see Table 3 ). It can be seen that the Ecorr (i.e., selfcorrosion potential) of the shot-peened sample was higher than that of the non-peened sample. The Ecorr increased by 30.4% (from -0.96 to-1.38 V), the jcorr (i.e., self-corrosion current density) of the shot-peened sample was lower than that of the non-peened sample and the jcorr decreased by 2.8 times (from 11.6×10 -5 to 4.15×10 -5 A.cm -2 ). Compared with the corrosion potential (Ecorr) of the untreated sample, this increase represents the achievement of a more noble electrode potential, and indicates an improved corrosion resistance of the Ti13Nb13Zr following shot-peened treatment. The corrosion current density is characterized as an important parameter for evaluating the corrosion reaction kinetics [42] . The metal corrosion rate is normally proportional to the corrosion current density, as measured by Tafel plots, and the lower current density implies a lower corrosion rate. In addition, the polarization resistance (P.R.) of the Tafel curves was calculated using the Stern-Geary equation. (8) When the shot-peening diameter is 6 mm, the polarization resistance of the oxide film increased by 2.96 times (from 634.2 to 1876.8 Ω.cm2), the results show that the polarization resistance of the shot-peened samples is much higher than that on the untreated sample surface.
The shot-peened sample data and non-peened sample measured after 600 s of immersion in the 0.9 wt.% NaCl solution at 25 °C are presented in Fig. 7 . The Nyquist plots for all samples exhibit an incomplete and capacitive-like semicircle (see Fig. 7a ). This phenomenon is related to the charge transfer reaction from the sample surface to the electrolyte through the double electrochemical layer [43] . The semicircle diameter of the shot-peened samples is significantly larger than that of the nonpeened sample. An increase in the semicircle indicates an increase in film stability and a decrease in semicircle diameter indicates a decrease in passive film resistance. A similar trend was observed in the impedance spectra of some Ti alloys [16, 44] . The corresponding Bode magnitude plots have two characteristic regions and are presented in Fig. 7b . The high frequency region of the Bode phase diagram is characterized by a phase angle of ~0°, corresponding to the electrolyte resistance. Similarly, a phase angle of approximately −80° in the intermediate-frequency region is indicative of a capacitive load. A sharp peak phase angle occurs in each of the high-and low-frequency regions, consistently with the formation of a duplex passive film structure (a compact inner layer and a porous outer layer) on Ti [45] . The equivalent circuit (see Fig.c7a ) was selected based on the EIS results and the fitting of the experimental data with the ZSimpWin software. An Rs((CPE1 R1(CPE2 R2))) circuit model with two time constants was used to fit the passive film obtained. In the equivalent circuit (Fig. 7a) , RS represents the solution resistance; CPE1 and CPE2 denote the constant phase elements [46] ,corresponding to the non-ideal capacitances of the porous outer layer and the compact inner layer, respectively; R1 and R2 represent the resistance of the porous outer and compact inner layer, respectively [47, 48] .
The electrochemical parameters obtained from the equivalent circuit are listed in Table 4 . The low value (~10 −3 ) of χ2 indicates that the test results correspond closely to the fitting results. As can be seen from Table 4 , the R2 values of the shot-peened samples are significantly larger than that of the non-peened sample. The R2 values are strongly dependent on the passive film characteristic and corrosion resistance of the materials. A higher R2 value implies good corrosion resistance. A decrease in R2 value reflects the protective efficiency decreases of the passive layer [49] . According to previous studies [20, 50] , the high reactivity of titanium with oxygen ensures the formation of the passive film that protects the surface of the treated sample, which is consistent with the conclusion of the diffusion of oxygen on the titanium surface.
The surface morphologies of the non-peened and shot-peened samples after being immersed in 0.9 wt.% NaCl solution for 240 h are shown in Fig. 8 . The cracks of the oxide film on the surface of the shot-peened sample were all smaller than that of the non-peened sample (see Figs.8a-d ). In addition, after 10 days of immersion, there are only some corrosion holes with a small diameter on the surface of the shot-peened sample. The corrosion hole decreases first and then increases with the decrease of shot-peening diameter. When the diameter of shot peening is 6 mm, the corrosion pores disappear and the anodic oxide film is relatively smooth. According to electrochemical and immersion tests, the shot-peening process promotes the corrosion resistance behavior of Ti13Nb13Zr in the 0.9 wt.% NaCl solution. This is consistent with the corrosion potential, the corrosion current density, more noble passive region and R2 results reported previously. It is due to the repeated impact provided by the balls on its surface, resulting in a large amount of surface free energy and vacancies in the surface during the shot-peening process [15] .
Mott-Schottky and donor density analysis
The Mott-Schottky curve and the donor density of the oxide film for the non-peened and shot peened samples at the 3VSCE potential are presented in Fig.9 , the Mott-Schottky curves of all the samples showed a straight line with a positive slope, which indicates that the oxide film formed by the anodization is an n-type semiconductor, and the oxide film of the n-type semiconductor is dominated by vacancy defects. This indicates that the more oxygen vacancies, the better the thickness and crystallization performance of the oxide film [51, 52] Figure 9 . Mott-Schottky analysis (a) and donor density of samples in 3.5% wt. NaCl (b).
The longest straight line of the Mott-Schottky curve is tangented, and the positive slope is calculated from the tangent, the donor concentration ND can be calculated from the positive slope.
Where α is the tangent slope; e the electronic charge (1.60×10 -19 C), ε0 the vacuum dielectric constant (8.85×10 -14 F/cm), ε the relative permittivity (80 for TiO2), ND is the donor density. The donor density of the oxide film is shown in Fig. 9b . The donor density of the shot-peened sample is lower than that of the non-peened sample, with the donor density decreasing five-fold (from 1.05×10
-24 to 5.25 × 10 -25 cm -3 ). Meanwhile, with the decrease of shot-peening diameter, the donor density increases first and then decreases, which is due to the improvement of surface energy of the substrate, and promotes the stable growth of the oxide film during the anodization process. The oxide film can prevent the charge transfer and further prevent the electrochemical reaction, so as to slow down the dissolution and corrosion of oxide film [53] [54] [55] . According to previous studies [56] , the flat band potential (EFB) and the donor density (ND) of the anodic films formed on Ti electrode are dependent on the oxide film thickness. On increasing the film thickness the flat band potential is shifted to more negative values and the donor density decreases, enhancing the dielectric characteristics of the titanium oxide.
CONCLUSIONS
1) The residual stress of the Ti13Nb13Zr surface was significantly increased by shot-peening. When the diameter of shot-peening was 6mm, the residual stress of the shot-peened sample was higher than that of the non-peened sample, and its value increased by 5.9 times (from 10.17 to 65.3 MPa). With the decrease of the shot-peening diameter, the plastic deformation gradually intensifies. When the plastic deformation reaches the critical value, the surface of the material begins to crack, which makes the residual stress increase first and then decrease.
2) The residual stress generated by shot-peening effectively increases the surface Gibbs free energy of Ti13Nb13Zr. When the diameter of shot-peening is 6mm, the standard molar Gibbs free energy on the surface of the sample with shot-peened treatment was higher than that of the non-peened sample, and its value increased by 440 times (from 0.01 to 0.44 kJ•mol -1 ). The functional relationship between the residual stress and Gibbs free energy was established by a polynomial fitting method: .
3) The residual stress generated by shot-peening significantly increases the thickness and crystallinity of the anodized film on the surface of Ti13Nb13Zr. At the shot-peening diameter of 6mm, the thickness of the oxide film is as high as 273 nm, which is about 4.71 times that of the non-peened sample. Compared with the non-peened sample, the content of Ti2p on the surface with shot-peening treatment decreased from 73% to 18% and the O1s content increased from 23% to 78%.
4) The residual stress generated by shot-peening significantly improved the corrosion resistance of the Ti13Nb13Zr anodized surface. The self-corrosion potential increased from -1.38 to -0.96 V and the self-corrosion current density decreased from 1.16× 10 -4 to 4.15 × 10 -5 A.cm -1 . The maximum increase and decrease of the self-corrosion current density were 30.4% and 64.2%, respectively. At a shot-peening diameter of 6 mm, the carrier density of the shot-peened sample is lower than that of the non-peened sample. Its value decreased by 5 times (from 1.05×10 -24 to 5.25×10 -25 cm -3 ), with the decrease of donor density, the channel of Cl -ion transport is effectively reduced.
